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NOTICE 

This report was prepared as an account o f  Government sponsored 
work. Neither the United States, nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on 
behalf o f  NASA 

A,) Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness o f  the information contained in this 
report, or that the use o f  any information, apparatus, 
method, or process disclosed in  this report may not 
infringe privately owned rights; or 

8.) Assumes any l iabi l i t ies with respect to the use of, 
or for damages resulting from the use of any infor- 
mation, apparatus, method or process disclosed in 
this report. 
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any employee or contractor of NASA, or employee of  such con- 
tractor, to the extent that such employee or controctor of NASA, 
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SUMMARY 

The purpose of t h i s  work is t o  dmelop a primary battery capable of 

delivering a mininaM of 200 watt-hmrs per pound of t o t a l  batterg weight. 

The emphasis in t h e  first quarter has been placed on t h e  s t u e  of t h e  

behavior of nonaqueous electrolytes. O f  t h e  numerous solutions tested, 

t h e  solvents ace toni t r i le  and N-nitrosodimethylamine produced solutions 

Kith the  highest conductances. For example, one-molal KPF, in ace toni t r i le  

and one-molal di-n-butylaunnonium in N-nitrosodimethylamine gave conductance 

values of 3.3 x loo2 and 2.7 x loo2 ohm'' mol, respectively. The best 

solutes were those possessing alkali metal or quarternary ammonium cations 

and heotafluomphosphate, hexafluoroarsenate or hexafluoroantimonate anions. 

The exploratory tests using mixed solvents, solutes prepared metathetically, 

diluents t o  control viscosity, and low mel t ing  fused salts a l l  have 

demonstrated the  f eas ib i l i t y  of the  concepts involved . 
ef f ic ien ts  for a number of nonaqueaus solutions have also been detennined 

and a re  generally less than two per cent per degree Centigrade. Appendix I, 

page V-1, compares methods of expressing concentration a s  related t o  con- 

ductance comparisons. 

Tanperature co- 

Finally, t he  preliminary electrochemical tests demonstrated the  f e a s i b i l i t y  

of discharging lithium anodes i n  an ethylene carbonate-propylene carbonate 

solution . 
i 
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The present work is  the  extension of contract NAS 3-2790 for which t h e  

objective is t h a t  of deweloping a primary bat tery with an em- density 

of a t  l e a s t  200 watt-hours per pound of t o t a l  bat tery weight. 

Thus far, the mphasis has been placed upon the  continued developnent 

of aprotic electrolytes of high conductivity i n  recognition of t he  

importance of the l a t t e r  property f o r  good battery performance. 

respect, the  experimental work has been directed toward obtaining extensive 

data on the  conductivities of a variety of nonaqueous systens with a v iew 

toward clar i f icat ion of t h e  basic factors  influencing conductivity i n  

In this 

Such W S ~ ~ S .  

ii 



I 
C 
t 
1 
R 
1 
I 
I 
6 
t 
8 
I 
I 
8 
E 
IC 
t 
D 
P 

A TO DMELOP A HIGH-mE;FbGp DaSITY PRIMARY BAT- 

UITH A MINIMUM OF 200 WATT HOUFU PER PWND OF TOTAL BATTERY WEIGHT 

W i l l i a m  E. Ell iot t ,  Shih-liang H s u ,  and W a r r e m  L. Towle 

ABSTRACT 

A number of new S O l V e n t 8  and solutes have been tested during this period. 

Solvemts uhich praduced solutions with the highest conductances wem 

acetonitri le.  and N-nitrosodhethylamine. The best solutes w e r e  those 

w i t h  alkali metal or  quaternaq emmonium cations and with hexafluorophos- 

phates, haxafluoroantimonatm, or hexafluoroarsemates as the anions. 

Ekploratorg tests with mixed solvents, metathetical solute preparations, 

diluents t o  control viacoalty, and with low melting fused salts have all 

deaonstratsd feas ib i l i ty  af t he  concepts involved. Temperature co- 

efficients fo r  a m b e r  of systems were found t o  be less than 2% per degree 

Centigrade. Finally, we have demonstrated t h a t  ethylene carbonate- 

prapgle~ls carbonate solutions can be used t o  discharge lithium anodes 

sa t i s fac tor i ly  
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I. O V W A U  PROGRESS 

The e3perimental work i n  the  first quarter has been primarily directed 

toward the  dwelopment of highly conductive nonaqueous electrolytes. 

Same prdirinarg electrochemical tests w e r e  also performed. 

1. Eoaluatian of New Solvents. 

The following solvents were selected t o  study the  influence 

of solvent s tmc tu re  and other solvent properties on the be- 

havior of t h e i r  solutions. 

a. Acetmi t r i le  [m] CH,CN 

b. Ethylene Carbonate [E] 

c. Mesityl Oxide [Ma (CH,),C = CHCOCH, 

d . N-Nitrosodimethylamine [mg (CH,),"O 

e. Tetramethyldiminomethane ['AH! ( a, ZNCHzN( a3 ) 2 
f . Tetramethylethylmediamine c'g (QI,),N(CH,),N(CH,), 

go Trifluoroacetic Anhydride [WMJ (cFaco)20 

Sane of the  solvent properties are presented i n  Table I (page IV-1). 

The s t ab i l i t y  test results for two prospective anode materials 

(Li and Hg) in several of the  ebme solvents a re  tabulated in 

Table 11 (page IV-2). 

-1- 
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AH has been used as an electrolyte rrolvent by other voop)Eer8 

for 1-0 tine, Although It appsars tha t  t h i s  80lvart is 

unstable in the preaance of lithium, it v.b chosgl f o r  the 

premant ime8t igat ioa t o  8tuQr the  solvating powsr of the  

nitri le  grapp. It v.b d r o  fe l t  t h a t  the l a w  v i scmi ty  of 

t h l m  8 0 l V s d  wauld have a beneficial effect upm the con- 

dllCtiVity O f  S O l U t i ~ 8 0  

E waa expected t o  perfom better than progglane carbonate 

(PC) as a solvent since IE and PC are chanically alike and 

EC ha8 a mch higher dielectr ic  constant, However, EZ is a 

so l id  a t  n o m  r o a ~  temperature (m.p. - sac), we elected 

to nix BC and PC to obtain mixed solvents with melting 

POin’t8 bdow norad - I X t U r e o  The V i S C O S i t i W  Of 

the mixed solvents were found to be lndepemdent of the re- 

l a t i v e  ECSC concentraticm. 

Table 111 (page IV-3), together with the d ie lec t r ic  constants, 

The results are presented in 

Mesityl wide ha8 a s t ~ c t u r e  which includes a carbonyl 

group and a carbon-carban double bond, both of which might 

be expected t o  hwe some sffect on 8 0 l V e n t  power, It haa a 

d ie lec t r ic  caratant of 15. However, the hydrogm atans 

attached t o  t h e  alpha-carbon a t w  should make mesityl oxide 

protic. Stabi l i ty  test r e ~ ~ ~ l t s  i n d i c a t d  tha t  magnsslum is 

stable i n  mesityl oxide and no evolution of hydrogen was 

0 b S ~ C d  mer a period of six deys. 

60lVa3t did not field high conductance solutions, no other  

s t a b i l i t y  tests were run, 

Since in general the 

-2- 
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NDA m a  selected as a solvemt t o  study the  camplgdng power 

of its nitroso group and the influemce 0x1 the  conductance of 

its solutians. Its dielectr ic  constant (53) is  considerably 

hare bem studied i n  our previaus mzk. The viscosity of WM 

a t  25°C tw8 I d  t o  be 0.865 centipoise which is comparable 

t o  t h a t  of IXF (0.813 cepe) and naC (0.670 c .p.). These pro- 

pert ies  of NDA are favorable i n  obtaining high conductance 

NDA S O l U t i ~ 8  

RIDAEI and "HEX)A possess no carbonyl groups but each has two 

appiao nitrogens f o r  possible ccmnplex formation with the 

solutes. These canpounds should enable us t o  evaluate the 

effect of the carbonyl group on the solvent power by camparing 

RIDAH and Tl4EDA w i t h  the prerriausly tested tetremetwlurea 

(IlraJ) which has a structure of (CH,),NCON(CH,),. 

Trifluoroacetic anhydride has completely fluorinated alpha- 

carbon a t am and is  therefore aprotic. However, it was found 

t o  have a low dielectr ic  constant of abmt 2. It was felt  

tha t  the effect of t h e  high density of carbonyl groups (two pa? 

molecule) on complexing and hence on canductance might daninate 

the law dielectr ic  constant effect. 

show tha t  magnesium i t se l f  was apparently s tab le  in TFAA and 

Stabi l i ty  test results 

I 
I 
1 
8 -3- 

I 



* 
2. Qualihtire scraaling. 

The smen new SOlVm1t8  memtionsd above were used in the 

C d C t a n C e  8-m t e s t8  with Llme Of the 1 O M )  p-8- 

S O h t W  teated previously in other solvents, A number of 

new carpaands, including t r ibutyl t in  chloride and tripheayltin 

chloride, were added t o  the list of solutes. The solvents, 

dimethylfomdde (MF), dimethyl cpanamide (mC) and PC were 

also used i n  the conductance screeming tests, 

All the d t s  of the screening tests are presented i n  Table 

t 
8 
I 
1 
I 
8 
1 

(pagw I V ~  thmgh rV-9). It was observed that: 

The canductancea of the AN solutions of two hetxafluoro- 

plosphates exceeded 3 x 10-2 0am-1 -01 a t  one-aolal 

COIlC&X'&iaS 

noat of the solutea uere~ soluble i n  NDA t o  one-molal 

canceartration and fielded canductancea in excws of 

2 x loo2 ohmo1 ta-'. These values a re  s l i gh t ly  higher 

than the  conductances of the corresponding I" and DHC 

S O l U t i a S  0 

The saturated PC solutions of some of the quaternary 

amronium salts had conductance values of 1.0 x lom2 
oho1 cm'l - by far the best among all of the PC eystsas, 

Iv 

8 0  

b o  

C. 

I 
8 

* See Appendix I, page V-l, f o r  a discussion of t he  significance of 
methods of expresSing concentration as related t o  the canparison of 
the canductancea of solutions, 

-4- 



The EX-PC solutions showed somewhat higher conductances 

than those of t h e  CorresFonding PC solutions. 

t h a t  the  so lubi l i t i es  of the solutes i n  PC and i n  EC-PC 

did not d i f f e r  significantly, whether expressed as 

molality o r  molarity. 

Most of t h e  solutes had limited so lub i l i t i e s  (much less 

than cme-molal) i n  MO, TFAA, TMEDA, and TmlAM. 

obtained conductance among these saturated solutions was 

1.68 x lom3 ohm-’ emo1 for N - p h e ~ l  N,N,N-trimethylammonium 

hexafluorophosphate i n  MO . 

It appeared 

d. 

The highest 

e. The solutions of the organotin chlorides i n  IBP and 

DMC had poor conductance values (< 2 x ohm-’ mol) 

3 .  Conductance VS. Concentration.* 

The quantitative relationship between conductance and concen- 

t r a t i o n  was determined f o r  the following systems (Table V, pages 

IV-10 through IV-22): 

+k% a. Kme-mC 
b. NaSbF,-DMC 

X-+t c. (n-C$ )4WF6-IB7C (Tetra-n-propylammonium hexafluorophosphate) 7 
** do K,Cr(SCN),-W 

W e. NaB( C,H,)4-CMF (Sodium tetraphmylboron) 

f. MaSbF,-W 

g. KPF’e-NDA 

he O’CH2CH2\ NH2PF, (Morpholinium hexafluorophosphate) 
CH,CH,/ 

* See Appendix I, page V-1. 
.Ioe With viscosi ty  data. 

-5- 



i . (n-c &) $"HLsF, -NDA (Di-n-butylammonium hexafluoroarsenat E) 

j. 

* k. 
A1C13-(6@ EZ + 20% PC) 

KAsFS-(80fg EC + 20% E) 

* 1. 0 0CH2CH2i? NH,PF6 (80% Fx: + 20% PC) (Morpholinium hucafluorophosphate) 
'CH,CH,' 

It V ~ S  observed t h a t  conductance existed a t  a con- 

centration of less than two-molal and i n  most cases viscosi ty  

increased dras t ica l ly  as t h e  concentration -ceded t h a t  of 

m a x i n u n  conductance. 

conductance plateau mer a wide concentration range and the  

viscosi ty  change was not very steep in t h i s  concentration 

range (1 t o  2 mold) . 

Systan "h" above exhibited a maximum 

k .  Conductance vs . TeaDerature Tests 
~ 

The temperature coefficients of conductances of a number of 

t h e  solutions possessing high conductances w e r e  d&ennined. 

t h e  results a r e  graphically presented i n  Figure 1 (page IV-23). 

It was found that: 

a. The temperature coefficient was higher for t h e  higher 

concentration solutions than tha t  f o r  the  corresponding 

luwer concentration solutions. 

The temperature coefficiemt was higher near room tempera- 

t u r e  than tha t  a t  a higher temperature. 

C. Most of t he  measured tanperature coefficients were lower 

than two per cent per degree centigrade as  indicated by 

t h e  slope of t h e  dotted line shown i n  Figure 1. 

b. 

4 ~ t  With viscosi ty  data. 



. a. 

'b 

EC-PC. The reasons for using Ex=-PC mixed solvents have 

been discussed i n  a prmious section. KFT, was used as 

t h e  solute.  

determined f o r  t he  one-molal KPF, solut ions as a function 

of r e l a t i v e  EC-PC c m c e n t r a t i m s  (Figure 2, page IV-24). 

It was found t h a t  t h e  one-mold. KPFe in 80% EC + 20% PC 

solut ion has a higher conductance (about 4358 higher) and 

a lower v i scos i ty  (men lower on a c o n s t a t  molarity bas i s )  

than t h a t  of t h e  corresponding PC solution, whereas t h e  

- 

The conductances and v i s c o s i t i e s  were 

d i e l e c t r i c  constant 

than t h a t  of PC . 
UMF-TIW and DMF-PC. 

"MU may be a b e t t e r  

t u rn  i s  b e t t e r  than 

of 80% EC + 20% PC is about 35% higher 

Previous t e s t  r e s u l t s  ind ica te  t h a t  

complexing agent than DMF, which i n  

PC where Km, was used as t h e  solute.  

PC has a higher d i e l ec t r i c  constant than DMF whereas that 

of IME' is higher  than t h a t  of 'MU. It was f e l t  t h a t  upon 

proper mixing of two of these solvents, an improved solvent 

n ight  result and its KPF, solut ion might exhibi t  imprmed 

conductance mer t h a t  of t h e  corresponding s ing le  solvent 

solutions.  The experiments were car r ied  out a t  0.1 mole 

f r ac t ion  of KPF, f o r  two mixed solvents -- IMF-TMU and 

IW-PC. 

molarity sca l e  .) 

presented i n  Figure 3 (page IV-25) and Fi,-re 4 (page IV-26). 

No enhancement of conductance was observed in e i t h e r  case. 

(These curves would not differ s ign i f i can t ly  on a 

The conductance r e s u l t s  are graphical ly  

* See Appendix I, page V=1. 
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C. MF-THDAH. R3Mw has a low viscosity (0.39 centipoise) 

and waa tested as  a diluent t o  be added t o  KPF,-IRlF 

solutions. It was f d  tha t  a s  the concentration of 

KF", -8 increased, the UqUid Separated b t o  two 

layers. The highest obtained conductance before phase 
separation was only 1.2 x 10 -2 ohrm-l ,-lo 

* 6, Metathesis. 

Since not a l l  of the  

for studying the ion 

attempted i n  several 

a. 

bo 

desired solutes were available consnercially 

s i ze  effect, metathetic preparations were 

cases . 
This solution was prepared by reacting 

(CH,),WCl with NaSbF, i n  IMF t o  fom insoluble N a C l  and 

soluble (CH3)4NSbFo. Qlemical analysis* showed tha t  t he  

reaction wus abaut 90% complete and t h e  resulting solutian 

was 0.90 molal with respect t o  (CH,),NSbF, and 0 3 0  molal 

with respect t o  NaSbF,. It exhibited a conductance of 

2.65 x loo2 ohm" ano1 (28°C) which is t h e  highest conduc- 

tance among the  me-molal solutions prepared wlul MF. 

(CH,),NASF,-IRJ~F. 

(CH,),NCl with KAsF, i n  IIMF t o  form insoluble K C l  and 

soluble ((=H,)$A&', . chemical analysis A showed tha t  t he  

fhal solution was saturated with respect t o  (CX,),NAsF, 

This so lu t im  was prepared by reacting 

* Sea Appaadix I, page V-l. 
A All the  analysea of K and Na w e r e  performed by means of flane photo- 
meter and t h e  a n a l y ~ i 8  of C 1  Was perfonned by means of Volhard t i t ra t ion .  



C. 

at  0.76 molal and 0.21 molal with respect t o  KASF,. 

had a conductance of 2.17 x loo2 ohm-' cm" (31%) . 
(CH,),NPF,-zIMF. 

(CH,),NCl with KPF, i n  IIMF t o  form soluble (CH3),NPFe 

and insoluble KC1. C h d c a l  analysis" shows tha t  the 

It 

This solution was prepared by reacting 

resul t ing solution was saturated w i t h  respect t o  (cH,),NpF, 

a t  0.!2 molal and less than 0.02 molal with respect t o  

KPF6 , 

27.C as compared t o  the previously reported value of 

1.09 x 10 

solution by using caumercial (CH,),NPF,. 

It had a conductance of 1.34 x loo2 ohm" an-' a t  

a t  26°C for a saturated (CH,),"PFe-DHF -2 -01 a-l 

The following conclusions may be dram f r a n t h e  results of the 

above mentioned experiments: 

1. The solubi l i ty  of (CH,)4NSSF, i n  MF is  greater 

than t h a t  of ( C H , ) , N E 6  i n  EMJ! which in turn is 

greater than tha t  of (CH3)4EFe i n  IMF. 

2. The conductance a t  the concentration of the  above 

IMF solution of (CH,),NEF, i s  higher than t h a t  of 

(CH,),NAsF, dich i n  turn is  greater than t h a t  of 

(m3)4N33* 

d. R,SnPF,-BIF, The attempts of preparing t h e  organ0 tin hexa- 

fluorophosphates metathetically were unsuccessful since 

neither (n-C4H9),SnC1 nor (C,H,),SnCl appeared t o  react with 

KPF, i n  t o  form the desired products, 

* A l l  t he  analyses of K and Na w e r e  perfonned by means of flame photo- 
meter and t h e  analysis of C 1  was performed by means of Volhard titration. 

-9- 



7. Ex@ l o ra to rg  Tests, 

Trif luoroacet ic  anhydride and oxamide each has two carbonyl 

groups per  molecule and were chosen t o  study the  cunplexing 

power of multifunctional carbonyl group compounds. Preliminary 

tests w e r e  perfonned by adding t h e  canplexing agent t o  t h e  

solut ions of IMC and DlF of KPF, and M g C 1 , .  

was recoFded a f t e r  each incremental addition of t h e  complexing 

agent . No favorable e f fec t  on conductance was observed except 

with TFAA addition t o  MgCl,-DMF solut ions wherein a somewhat 

higher conductance (about 35%) was obtained. 

will be perfonned t o  deternine the  real cause of t h e  increase 

i n  conductance. 

The conductance 

Further work 

Triprowlamine (TPA) is  a bas ic  solvent and w a s  chosen t o  

study t h e  e f f ec t  of increasing t h e  bas i c i ty  of t h e  solvent on 

t h e  conductance of solutions,  Preliminary tests w e r e  per- 

formed by adding TPA t o  some of t h e  solut ions possessing pro- 

mising conductances - Some favorable results were obtained. 

However, fu r the r  data  a r e  required for t h e  complete in te rpre ta t ion  

of these  experiments. 

8. Preparation of Lowdelting Complexes . 
A KPF, *"MU complex was prepared and extracted from TMU , 

has a melting point of about 36°C.  

It 

This complex was then 

dissolved i n  solvents such a s  DMF. The preliminary conductance 

-10- 
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results indicate tha t  t h i s  KPF,"IMU camplex is no be t te r  than 

KPFs itself as  a solute. 

study the  behavior of t h i s  complex. 

Further tests are i n  progress t o  

B. Rectrochemical Tests. 

The electrochemical behavior of a lithium anode was studied i n  an 

electrolyte* consisting of L i C l  and AlC1, i n  an E C S C  solvent. 

open c i r cu i t  potential of 3.1 vol t s  against a si lver-silver chloride 

An 

reference electrode in the  same electrolyte was obtained. 

t e s t  results showed that the discharge voltage of t h e  lithium anode 

a t  2 m d c m  was steady, and above 2.6 vol t s  f o r  about three hours. 

demonstrates the  feas ib i l i ty  of using a lithium anode in a high EC 

Preliminary 

2 This 

content E C 4 C  electrolyte which is  more condmting than the corresponding 

PC electrolyte. 

-11- 
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11. CURRENT PROBLZMS 



R e c e m t l y  we w e r e  unable t o  obtain sane of the solute chemicals frorn 

carmnercial aources with consistent quality. As a result,  sowe of the 

quantitative tests on nonaqueous electrolytes w e r e  interrupted. This 

d i f f i cu l ty  is  expected t o  be overcane shortly. 
I 
I 
1 
I 
1 
8 
1 
I 
I 
I 
8 
I 
I 
I 
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111. WmK To BE PEfiFORHED 



111. WORK TO BE PERFORMED 

A. Next Quarter: 

1. Continued qual i ta t ive and quantitative study of new electrolyte  

syst-. 

Continued study of low melting complexes. 

Continued study of compatibility and electrochemical behavior of 

2. 

3. 

electrode materials i n  the high conductance electrolybes. 

b.  Evaluation of new solvents. 

B. NextMoath: 

1. Continued qual i ta t ive screening of electrolyte systems, 

2. Continued study of l o w  melting me-tetramethylurea canplex. 

3. Evaluation of t he  following new solvents: 

a. Methylene chloride 

b . Trifluoroacetophenone 

c . S-ethyltrlfluorothioacetate 
d . N-acetylmorpholine 

e . N-2hydroxyethyl-N,N1 -ethylenebisf onnamide 

f . N-[2-( 2-hydmxyethoxy)-ethyl] -f ormamide 

-13- 
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Before After -8- visual 
Btpormrs _ ~ o S u r e  Time ( H r s . )  Observatians 

a. In Dimethyl Cyanamide 

x lo4 (29.5%) 0 0.0 

x lod (24.!?’C) 0.0 

0.11% 0.1183 1.17 x loo5 (24.5.C) 115 No Apparent Reaction 

b. In Mesityl Oxide 

10-7 ( 2 8 , ~ )  

10-7 (30%) 

2.31 x lo4 (27°C) 

C .  In Trifluoroacetic Anhydride 

2.52 10-9 (27’C) 0 

6060 x IOa (26%) 4 4  
5.30 x loa (28%) u4 
i 

d. In Acetonitrile 

1.58 x lo4 ( 27%) 

7.26 x l o 4  (28Oc) 

1.93 x lo4 (27°C) 

92 

92 

92 

-0- 

No Visible Change 

Apparently Unstable - 
F’omed White Sol id 

0.0 

Gassing 

No Apparent Reaction 
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TABLE 111, PROmTIES OF CARBOHATE- 
PRDPyLaJE CAREONATE MIXED soLm 

Solvent Caaposition 

Weight % Weight $ viscosityrt( 25%) Dielectric 
Ec PC ( CeZltipOi8e8) COnotant( 25%) 

100 2 052 6LA 0 

20 80 

t o  60 

60 bo 

80 20 

100 0 

2 052 

2 052 

2 052 

2.55 

Sol id 

69 01 

7L 06 

80.5 

87 02 

Solid 

i t  Determined Experimentally. 
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a. 

bo 

C .  

d.  

e. 

f .  

e. 
h. 

i. 

3 .  
k. 

1. 

m. 

TABLE Iv. SPECIFIC CONDUCTANCE OF SOSAITIOliS 

p.gs 
Acatcmitrlle ......................... 
M a - l C y a n d d e .  

Dihaethy l fOrnrn ide  

MmltylOfide 

N-nitrosodiandhyladne ................... 
Propylene Carbonate . . . . . . . . . . . . . . . . . . . .  
60% hogglens Carbmate . hO$ %Wbne Carboolate ...... 
LO$ Propylene Carbanate + 60% Ethylene Carbonate ...... 
20% Progylene Carbonate + 80% Ethylene Carbonate ...... 
10% PropOrlene Carbonate + 90% Ethgrlene carbonate ...... 
N,N,N',N' Tetramethyldiinainmethmeth.nc ............ 
N,N,N',N' Tetramethylethylencdigine ............ 
Trifluoroacetic Anhydride ................. 

* * + *  * * *  

Notes: 1) All t ea t s  w e r e  made in a dry argon atmosphere. 

2) A l l  solutions are eaturated a t  less than 0neaol.d 
unless marked othenrlae. 

3) A l l  percmtagea are in weight basis. 

IV-5 

Iv-6 

Iv-7 

IV-7 

Iv-7 

Iv-8 

m-9 

Iv-9 

m-9 



P) 

t : : ;  1 4 1  I 
I 
I t 

I 

I 
I 
I 

k 
I 
(Y 
rl 
0 

I 
I 
I 

e 
o\ cu 
W 

cu 
I 
0 
rl 

x 
0 

cr\ 
9 

J 
0 
rl 

H 
+ 
a '0, 

cy 
I 
0 
rl 

X 
\o 

rn 
9 

9 
0 
rl 

K 
0 
0: 
o\ 

n n  

E >  a n 
a3 a 
4 
k 
0 

4 
W 

rl u c 
ul m 

-i 5 
ncl 

n a 
%a V 
W * * * 

Iv-5 



1 1 1  
1 1 1  
I 1 1  

1 1 1 1  
1 1 1 1  
8 1 1 1  

I I 
I I 
I I 

1 
I 
I 

4 c 

I I I 
I I 
I I 

c u c u c u c u  
I l l 1  
0 0 0 0  
r l r l r l r l  

cu 
I 
0 
rl 

cu 
I 
0 
rl 

cu 
1 
0 
rl 

a n x x  i l x  x x x  x x x 
o\ 

cu 
('i 

0 
r! 
cu 

* 
Iv-6 



1 1 1  
1 1 1  
1 1 1  

2 
0, 
rl u 

co 

I 
I 
I 

I 
I 
I 

E 
k m 
k a 
rl, 
d u 

n 
V 
0 
o\ cu 
v 

cu 
I 
0 
rl 

x 
8 
rl 

5 
d 

P 0 

li 0 

k 

n 
V 
0 

% 
W 

cu 
I 
0 
rl 

x 
m 

rl 
9 

* 

I 
I 
I 

I 
I 
I 

ncu 
I I  
0 0  
r i d  
X K  

f \  



4 B( f 
0 I 

a( 0 I I 

cn I 

1 
I 
I 

Q) 
4 z 

a 
d 

3 
h 

-2 

n 
u 
* cu 
W * 

0 
d 
K 
rl 

o\ 
9 

d c u  

n 

E 
k 
0 n 

W 
4 
E s 
d 

B 
m 
v 

* 
n 

Y) 

I V - 8  

I 
I 
I 

I 
I 
I 

km 
u) 
rl 
V 

n 
0 
0 
r- cu 
W 

I 
I 
I 

Q) v g 

k m 
u, 
rl u 

n 
V 
0 
c\ 
W 

x x x  
\ o r l a 3  
P ; ? ?  

0 
rl 
V 
P m * 

0 
kl 
P zo 

i 
'3 
cd 
d m 



I 
1 
I 

a 
4 

2 
4 c s 
4 

.ri 
d rn 
a 

k ca 
W s 

n 
0 
0 

% 

4 

W 

N 
I 

x 
cu cu 
rl 

0 

0 
k a 
X 

I 
I 

I I  
I I  
1 1  I 

I 
I 
I 

aJ 
rl 
V 

n 
V 
c- cu 
U 

o\ 
I 
0 
rl 

x 

2 
CD 

f-i 
V 

n 
V 
P- cu 
W 

ch 
I 

4 
x 

P - Q  
? ?  

k 
m 
W 

I+ u 

n 
V 
0 
P- cu 
W 

Iv-9 

0 2 
d d 

B m 

k m 
a, s 

n 
V 
0 
co cu 
W 

co 
I 
0 
rl 
x 
c 

l-l 

2 

rl 
V 
4 
I4 

1 r O 1  
I m  
1 0 :  

2 
w 
rl 
V 

k 
0 
Q, 
rl u 

n 
V e 
P- cu 
W 

'4 
0 
rl 

X 



I 

U 
b 
II 
I 
8 

T 
I 
II. 
I 
I 
I 
I 
8 
I 
8 
P 

TABLE V. SPECIFIC CCMINCTANCE AND VISCOSITY 
VS, CONCENTRATION OF SOUJTIONS 

Page - 
a. KPF,-hethyl Cyanandde . , , , . . . . . . . . . . . mill 

U b. NaSbF,-Din~ethyl Cyanamide . . . . , . . . . . . . . IV-Z 

(n-C,H7),NPF,-~ethyl  Cyanamide . . . . . . . . . . . . IV-13 
. . . . . , . . . . . . . I V - 4  

c.  

d. K,Cr(SCN)e-Mmethylfonnamide 

e. NaB(C,H,),-Dimethylfonnamide . . . . . . . . . . . . IV-15 
u f .  NaSbF,-Dimethylfonamide . . . . . . . . . . . . . . . . IV-3.6 

u g. KPF,-Nitroaodtmethylamine . . . . . . . . . . . . . . . IV-17 
h . ’ Morpholiniun Hexafluor~osphate-NitroaodimethylaAine . . IV-18 

* i. 
* j . 

(n-C4H9)2~2A~6-Nitrosodimethy~anins . . . . . . . . . IV-19 

A1C13=(80% Ethylene Carbonate + 20% Propylene Carbonate). IV-20 

k .  KAsF,-(8* Ethylene Carbonate + 20% Propylene Carbonate), IV-21 

1 . Morpholinium Hexaf luorophosphate-( 80% Ethylene Carbonate 
+ 20% Propglene Carbonate) . . . . . . . . . . . , . TV-22 

.It No viscosity data are available for these solutim8.  
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Molarity 
(25OC) 

0 

o .of378 

o .260 
0.427 

0 0595 
9 0.828 

0.004 

0, 

* S o l i d  present. 

- - 0.5 

- - 

I I I I t I I I 1 -0 

TABLE V. SPECIFIC COhTIKrCT,WE AND VISCOSITY 
VS . COPTCEISTfiATION OF SOLUTIONS 

a .  KPF,-Dimethyl Cyanamide 

Specific Conductance 
( o h - 1  cm-1) 

viscosity ( 25 OC ) 
( Cmt ipois  es) 

--- 0.670 

0.695 x (24OC) 0 0750 

0.917 x 10 -2 (2L°C) o .809 

1.17 x lom2 (2b°C) 0 0935 

1.34 x (24OC) 1.050 

1.49 x (24OC) 1.258 

0 0 *2 0 04 0.6 o -8 1 eo 
Molarity 

Iv-11 



. 

TABU V. SPECIFIC CONDUCTANCE AND VISCOSITY 
VS. CONCENTRATION OF SOLUTIONS (Continued) 

b . NaSbF,, -Dimethyl Cyananide 

Specific Conductance 
Molality (ohm-% cm-1) 

0 .w 1.50 x loo2 (26.5OC) 
o ,883 2.10 x loo2 (26.5%) 

1.325 (Solid Present )  2.29 x 10’’ (26.5OC) 

1.46 (Solid Present) 2.29 x loo2 (26.5%) 
1.765 (Solid Present) 2.23 x (26.5OC) 

2.210 (Solid Present) 2.u. x loo2 (26.S’C) 

0.024 

0 0022 

0 0020 

0.018 

o .016 

o .04 

0 0012 

0 0.8 1.2 1 .6 2 .o 
Molality 

N-12 



TABLE V. SPECIFIC CQNaTCTANCE AND VISCOSITY 
VS. CONCENTRATION OF SOIUTIONS (Continued) 

C .  (n-c$,)4 W€T,-Dimethyl Cyanamide 

Specif ic  Conductance 
( o h - 1  cm-1) 

viscosity( 2 5 , ~ )  
( Centipoises ) 

0.248- 1.20 x loo2 (25.c) o .808 

0.397 1.615 x (25OC) 

0.718 2.12 x (25°C) 

0.976 --_ 
1 a29 2.10 x (25OC) 

1.39 2.02 x (25.C) 

1 .55 1.81 x (25%) 

9 Extrapolated value. 

0 e030 

0.025 

0.020 

0 0015 

0 0010 

0 00% 

0 

I I I I 1 1 1 3 00 

- 
- 

- 
- - 1.0 

- - 0.5 

I I I I 1 1 1 -0 

0 0 04 OS 1.2 1.6 

Molarity 

IV-13 



-TABL;E V o  SPECIFIC COYDUCTANC3 AND VISCOSITY 
t'S. CONCENTRATION OF SOLCTIONS (Continued) 

d. K,Cr(SCN),-Dim&hylfomamide 

Yo1 a rity Viscosity( 25"~) Density 
(25OC 1 
0 --e 

0 0221- 1.b3 x loo2 (31°C) 1.92 1.009 

( C a t  ipoise s) 

--- 0 -945 

0 A 1 7  1.505 x (30°C) 3 053 1.026 

o .bo6 1.18 x (32°C) i o  .8 10101 

0 -758 8.47 x (30°C) --- * 1.19 

* Extrapolated value, 

n r: 
5 

rl 
I 
& 
9 
W 

0 0020 

0.015 

0 0010 

0.005 

T I I I I I I 1 
12 

n 

0 0.2 0 04 0 .6 0.8 

Wolarity 



TAELE V. 

l o l a r i t y  
(25OC) 

0 0723 

0.836 

0.896 

0 0947 

1.07b 

1.28 

SFECIFIC CONDCCTANCE AND VISCOSITY 
YS. CONCENTRATION OF SOLUTIONS ( Continued) 

e . NaB( C,H,) ,-Dimethylf ormamide 

Specific Conductance Viscosity( 25Oc) Dmsity 
( o h - 1  cm-1) ( Centipois es) (25°C) 

* 0.972 7.78 x (28°C) _-- 
Q 0.982 7.86 x loo3 (29OC) _-- 

6.33 x low3 (28°C) 

5.68 x loo3 (29OC) 

9 Interpolated value. 
*+ Extrapolated value. 
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TABLE V. SPECIFIC CONDUCTANCE AND VISCOSITY 
VS. CONCENTRATION OF SOLUTIONS (Continued) 

f . NaSbF,-Mmethylfomamide 

Molality 

0 eIrl 

0.82 

1 e23 

1.64 

2 e 0 5  

Specif ic  Conductance 

1.50 x loo2 (27%) 

2.l2 x lo'* (27%) 

2.24 x loo2 (27%) 

2.12 x lom2 (27%) 

( 0hm-1 cia-1) 

l e 7 8  x loo2 (27%) 

0.024 

0 e022 

0 e020 

o .018 

0 .ol6 

0 e014 

0 0012 

0 0 e 8  1.2 1 e 6  2 e 0  

Molality 

1v-16 



I 

o.oar 

0.020 

o.ol6 

0.012 

0 0 0 0 8  

t 
I 
I 
t 
8 
I 
I 
8 
I 
1 

I I I I I I I I I 

- * - * -  - - - )  
- - 

- - 

- - 
- - 
- - 
- - 
- - 

I I I I I I I I I L 

I 
I 
t 
8 

n 

9 e 
9 
d 
0 

W 

0 
rl 
Lc a 
It m 

M O l a l i *  

0 0199 

0 -398 

0 0580 

0 0796 

0 0995 

1.1% (Solid Presemt) 

1.39 (Solid Present) 

1.99 (Solid Present) 

speciflc condllctancs 
(Oba-1 cr-1) 

1.0s x loo2 (31%) 

1.51 x 10-2 (30%) 

2.00 x loo2 (30%) 

2.10 x loo2 (30.C) 

2 4  x loo2 (30%) 

2.15 x lo-* ( 3 % )  

1.83 x loo2 (30%) 

2 . 4  x loo2 (30%) 
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TABLE V. SPECIFIC CONDJCTANCE AND VISCOSITY 
VS . COMCEN"RAT1ON OF SOLUTIONS (Continued) 

h. Morpholinium Hexafluorophosphate- 
Nitros odimethyl amine 

Specific Conductance 

1.16 x (31°C) 

1.82 x loo2 (31°C) 

2.26 x (31'C) 

2.60 IC loo2 (30°C) 

(ohm-1 cm-1) 

2.72 X loo2 (30°C) 
2.65 x (3OoC) 

2.73 x lom2 (29°C) 

2.69 x (29'C) 

* Interpolated value. 

0.03 I I I I I 1 I 

- 

0.02 - 

- 
0.01 - 

/ 

01 1 I I I I I I 0 
0 0 -4 O .8 1.2 1.6 

Molarity 
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TABLE V. SF'ECIFIC CONDUCTANCE AND VISCOSITY 
VS. CONCENTRATION OF SOLUTIONS (continued) 

i . (n-C~,).NH,AsF,-Nitrosadimethylaffline 
8 

Molality 

0.209 

0 .418 

0.626 

0 0835 

1 .o& 

1.25 

1 .h6 

1.67 

1.88 

o .03 

0 002 

0 001 

0 

Specific onductance 
(ohm-f cm-1) 

1.135 x loo2 (31'C) 

1.88 x IOo2 (31°C) 

2.31 x lo'* (31°C) 

2.57 x loo2 (30.s"C) 

2.74 x loo2 (30.5"C) 

2.79 x loo2 (30.5"C) 

2.79 x lo'* ( 3 % )  

2077 X loo2 ( 3 % )  

2.71 x loo2 (30.s"C) 

2 009 2.62 x loo2 (31%) 

I I I I I I I I I I 

I I I I I I 1 I I I 

0 0 04 0.8 1.2 1.6 2.0 

Molality 
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0 0010 

0.008 

0.006-- 

0.004 

0.002 

TABLE V. SPECIFIC CONDUCTANCE AND VISCOSITY 
VS. CONCENTRATION OF SOLUTIONS (Continued) 

j . A1Cl3-(8O% Ethylene Carbonate 
+ 20% Propgleme Carbonate) 

2.01 7.08 x loo3 (27%) 
I 1 I I I I I I I I I 

- 
- 

- 

- 
- 

- 
- 

- 

Molality 

0 0297 

0 e70 

0 0987 

1.295 

SpecFltic Conductance 
(ohm-1 m-1) 

L.46 x loo3 (28%) 

7.85 x loo3 (27.5%) 

8.63 x (27%) 

9.03 x loo3 (28.C) 

I I I I t 

1.2 1 -6 2 00 2.4 
O* 
0 0 .4 0 e 8  

Molality 
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TABtE V. SPECIFIC CONECTl'NCE AND VISCOSITY 
VS. CONCEhTTRATION OF SOLUTIONS (Continued) 

k. KASF,-(~O~ Ethylene Carbonate 
+ 20% Propglme Carbonate) 

Molarity 

0.383- 

(25Oc) 

O D 7 L 3  

1.08 

1.405 

Specif ic  Conductance Viscosity( 25°C) 
(ohm-1 cm-1) (Ceatipoises) 

0.72 x 10'' (27°C) 

1.07 x loo2 (27OC) 
1.10 x (27°C) 

1.28 x loo2 (27°C) 

Note: Sol id present in e v e r y  sample, 

0 .OlE 

0 Dol; 

0 .#E 

0.004 

C 

3 032 

4.29 

5.26 

6.78 

1.357 

1 .402 

1.442 

1.488 

I I . I  I I I I I 1 16 

12 

8 

4 

0 
0 0 .4 0.8 1.2 1.6 2 00 

Molarity 
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TABLE V. SFECIF'IC COMDUCTANCE AVD VISCOSITY 
VS . CCKCATRATION OF SOLUTIONS (Continued) I 

0 -710 

1.015 

1.30 

1 .SO5 

2 025 

1. Morpholinium Hexafluorophosphate- 
(80% Xthylene Carbonate + 20% 
P row1 en e Carbon a t  e) 

Specific Conductance 
( h - 1  cm-1) 

1.a x (28.C) 

1.25 x lo'* (28OC) 

1.315 x loo2 (28OC) 
1.33 x lo'* (28OC) 

1.15 x (28°C) 

v iscos i ty  ( 25 "C ) Density 
( Centipoises) ( 25.C 1 

--- * 1.328 

3 .88 1.349 

4 075 1 e367 

8.38 1.408 

8 053 1.407 

19  03 1.460 

* Interpolated value. 
Note: Solid present i n  every sample. 

0 0.5 1 .o 1.5 2 .o 2 .s 
Molarity 
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FIGURE 1, SPECIFIC CONDUCTANCE OF 
SOIUTIONS VS. TEMPERATURE 
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PI 
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Weight per cent Ethylene Carbonate 
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Weight per cent Propylene Carbonate 

Curve8 : 

(a) 

(b) 

(c) 

Specific conductances ( 29-30°C) of one-mold KPF, . 
Viscosities (25.C) of one-molal KPF, . 
Dielectric constants (29”’) of solvent. 

100% Values (one-molal KPF,-PC) : 

Specific conductance = 8.10 x 

viscosity - 6.25 centipoises a t  25% . 
duno1 an-’ at 29%. 

FIGURE 2. PROPERTIES OF KPFS SOLUTIONS 
m. EC-PC SOLVENT COMPOSITION 

n=34 
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V. APPDJDIX I 

Importance of Methods of Expressing 
Concentration in Conductance Studies 

The mode of expressing concentration ( i . e ,  as molal, nonnal, or molar) 

is highly important i n  the  correct  and r e l i a b l e  comparison of the  da ta  

from one electrolyte  system t o  another. Therefore, we present here  a 

brief discussion of t h e  differences SEtween t h e  nethods of expressing 

cancentration as re la ted  t o  conductance. 

For screening purposes, t h e  primary i n t e r e s t  i s  i n  t he  magnitude of t h e  

spec i f ic  conductance. 

ductance i s  more important than t h e  mode of expressing concentration. 

Even i n  quant i ta t ive  wofk t he  solution with the  highest  maximum spec i f i c  

Finding solutions w i t h  the  hizhest  values of con- 

conductance i s  most important, Expression of concentration i n  molal i ty  

is sa t i s f ac to ry  i n  these  cases since it adequately performs the function 

of defining t h e  system. - 

However, whmwer the  d i r ec t  comparison of t h e  efficiency oT perf onnance 

of t h e  solutes  i n  d i f f e ren t  systems is necessary, it i s  dangerous t o  

cmpare d i f f e ren t  systems of the  same molality. Since conductance i s  the  

current-carrying capacity of a l iqu id  between two f ixed points  o r  areas,  

it i s  concerned with a f ixed volume of t he  l iqu id .  

of ionizable  solute  determines the  maximum achievable l e v e l  of current  

c a r r i f r s ,  a c r i t i c a l  perfonnance comparison between e lec t ro ly tes  should 

And since t h e  population 
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be made on t h e  bas i s  of ionizable  solute concentration per uni t  volume. 

However, di f fe ren t  one-molal -- systms do not  necessarily -- contain the - same - 
number of so lu te  molecules pcr u n i t  - volume. 

t o  convert t o  an expression of concentration i n  terns of the  same 

It is therefore  necessary - 

normality or  molarity before comparing systems. It is then possible t o  

determine which of two or more solutes  or solutions exhibits the most 

e f f ec t ive  u t i l i z a t i o n  of the  dissolved solute .  The discussion below will 

amplify these statements. 

The spec i f i c  conductance of solutions is measured i n  conductance c e l l s  

which possess a constant volume between t h e  two electrodes a t  a given 

temperature. 

and mobili ty of t h e  ions i n  the  constant volume between t h e  electrodes. 

Thus, t h e  conductance is determined by t h e  number, charge, 

When it is necessary t o  make r e l i ab le  comparisons of t he  condwtances of 

d i f f e ren t  solutions, t h e  volume of solution between t h e  electrodes must 

contain an amount of so lu te  which, i f  completely dissociated, would 

produce t h e  same number of ion ic  charges per  un i t  volume f o r  each of t h e  

solut ions being compared. The method of expressing concentration which 

would express the  same concentraticm of poten t ia l  charge car r ies  per un i t  

volume is t h e  nonnal soluticm (gram-equivalents per l i t e r  of solution) . 
For a 1:l e lec t ro ly te  t h e  same equivalence would be observed f o r  a molar 

solution (gram moles per l i t e r  of solution).  

- 
- 

It should be remembsred 

t h a t  both normal and molar solutions are temperature dependent because of 

volume changes with temperature and precise  comparisons thus reqLire r i g i d  

- 

temperature control.  
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h'Jcperimentally, *ere we seek a quick determination of t h e  m a x i m u m  con- 

duct ivi ty ,  it is  simplest  t o  add incremental amounts of so lu te  t o  a given 

amount of solvent and measure t h e  conductivity a t  each concentration 

achieved. I& can define each system adequately f o r  purposes of =pro- 

duction by expressing concentration as gram moles of so lu te  per 1000 

grams of solvent  -- i.e., i n  molality. To convert t o  molarity f o r  com- 

parison as described above, t he  density of each so lc t ion  must a l so  be 

measured. Then the  conversion from molality t o  normality can be made 

with t h e  following equation: 

1000 

%%ere CN = nonnality (gram-equivalentshiter of solut ion)  

n = number of gram equivalmts/mole of so lu te  

m = concentraticm in molal i ty  

P = density of t h e  solution i n  g./ml. 

M.W. = gram molecular weight of the so lu t e  

The conversion frm molal i ty  t o  molarity can be obtained with a s i m i l a r  

equation: 

Where $ = molarity 

and a l l  other symbols have the  same meaning as i n  equation (1).  
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